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THE COMPARATIVE ECONOMICS OF PASSIVE AND ACTIVE SYSTEI!~-’

F. Roach, S. Nell, and S. Ben-David
University of California

Los Alamos Scientific Laboratory
Los Alamss, New Mexico 87545 U.S.A.

As the interest in solar energy applications for residential space heating
grows, it becomes imperative to evaluate the economic performance of alter-

native designs. We concentrate on one passive design--the thermal mas9
storage wall. The economic performance of this design i~ examined and sub-
sequently contrasted with one active design--the air collector/rock storage
system. Architectural design criteria, solar performance characteristics,
and the incremental solar cost of each design is briefly reviewed. Projec-
tions of conventional energy prices are discussed, along with the optimal
sizing/feasibility criterion employed in the economic performance anal-
y9i9m In addition, the effects of two incentive proposals--income tax
credits and low interest loans--upon e&ch design are examined. Results are
reported on a state-hy-stat~ basis for the U.S., with major conclusions
summarized for each design. It is generally the case that incentives
greatly enhance the economics of both system designs, although the contrast
is greater for tne passive design. Also, against the less expensive con-
verlti~>nalfuels (natural gas and heating oil) the passive design was shown
to offer a more cost effective alternative than the active system for most
state9,

INTRODUCTION

As the interest in solar energy applications for residential space he~ting

grows, it becomes imperative to evaluate the economic performance of alter-
native designs, This study describes another phase of our on-going efforts

to examine solar feasibility in new home construction on a nationwide basis

for the U.S. The first phase dealt exclusively with active solar sy~tems,
[1,2] while the current phase also includes passive solar concepts. These

include (1) thermal storage wall, (2) roof pond, (3) direct solar gain, and

(4) soar greenhouse (solarium).

In this paper we will concentrate on only one bas~c passive desi8n -- the
thermal storage wall, The economic performance of this design (with a

night insulation option) will be examined and subsequently contrasted with
one basic active design -- the ail collector/rock storage sy9tem. Discus-

sion of the results contained in this japer w;.11 exc lude the other solar
concepts being examined in the larger study. Since there exists several

‘This work is being supported by the U, S. Department of Energy,



publications [1-4] OR our past analysis of active solar systems , cietailed
description of the air collector/rock storage design and its economic
performance will be omit Led from this paper. Only that information
necessary to understand the comparative economics of that system vis-a-vis
the passive design will be highlighted.

The economic performance of these Lwo basic design:, (passive thermal
storage wall plus dn active air collector/rock storage system) is evaluated
on a state-by-state basis. The section on methodology briefly reviews the
architectural design crtieria, solar performance characteristics, and the
incremental solar cost of each solar design, with emphasis placed on the
cherm&l storage wall. Also included in this section is a discussion of
conventional energy costs, as well as the optimal sizing/feasibility

criterion employed in the economic performance analysis. In the third
section, nationwide feasibility results are reviewed for each design. In
addition to concrascir,g the solar designs themselves, the effects of two
incentive proposals -- the propossd National Energy Act (NEA) income tax
~rcdits and low interest loans -- upon each design are examined. Finally,
major conclusions are summarized in section four.

ME’fHODOLOGY

There are essentially five basic steps employed in our evaluation of the
~conomic perf~rmance of solar systems/designs. Fi~~tJ archit.ec:ural design
parameters for a standard home and solar system are established. Second,
the physi.al performance of that system in VariQl:s locales is estimated
using a computer simulation code based upon a solar load ratio (SLR)
correlation [5-7]. The solar performance characteristics (glazing area and

storage volume) obtained from the simulation mode 1 are llsed to develop
costs of providing alternative quantities of he~t (solar fraction) far each
locale, Fourth, the costs of providing heat through conventional means

(natural gas, heating oil, and elec:ricicy--$oth resistance ant!heat pumps)
are projected for each locale in the analysis. And iinally, the potential
for solar installations is evaluated throuph aur economic performance
analvsis.

Solar DesiRn

A standard home design* (approximately 1500 ftz)+ is being used throughout

the analysis t~ allow int ‘regional comparisons. Moreover, a ‘tract’ home

concept and common buildirlg materials were assumed (Fig. 1 and Table I).

This makes possible our examination for the potential of solar energy in

*The solar home design portrayed (Fig. 1) was developed by Burns 6 Pe:ers,
an architectural firm located in Albuquerque, New Mexico.

+We have chosen to use units common to the U.S. throughout this paper
because of the geographical nature of analysis.

F,R. 7---



r. idential space heating applications for a majority of new home buyers in

th “ ted States.

1 .tion to incorporating traditional consumer preferences in the

t

solar

.esigns, minimum ower operating requirements were ❑ade part of the

.r system designs. Table II contains a brief description of the add-on

solar components for the passive design. Detailed architectural character-

istics of the thermal storage wall (in this case masonry or Trombe) concept

are displayed in Fig. 2. For the air collectorlrock storage system, col-

lectors are mounted an a south facing pitch roof, with an insulated duct
and rock storage bin strategically placed within tl~e ho,]se to minimize

add-on solar costs [8].

Solar Performance

The modified solar-load ratio (SLR) correlation procedures developed by Los
Alamos Scientific Laboratory [6,7] were utilized to estimate solar perfor-
mance given the parameters of the above solar system designs, This proce-
dure is capable of treating several design parameters as variables: i.e.,

nominal br+ilding heat loads, glazing type, number of glazings, glazing

area, storage volume, and storage type. Regional variability in weather

patterns are taken into account in the performance computations. The

modified SLR performance correlations are used to determir)e the glazing

(collector) area required to achieve given solar fractions for the specific
solar design under analysis. The ratio of glazing (collector) area to
stora~e volume was held constant for each cf the solar systems to ease the

computational burden and limit the almost infinite
possibilities.*

For the Trombe wall design (both with and without night
thick masonry storage volume with double glazing is

performance analysis [7]. Mean air temperature is kept

construction design

insulation) an 18
used in the solar

at 70° F, with a

5“ F temperature-swing allowed -- auxiliary heat requirsd when the interior

temperature drops below 55° F, and excess heat purged when the interior
reached 7S0 F. System performance measured by the glazing area required LO

provide a given solar fraction (ranging from 5 to 95 percent) was
calculated for the Trombe wall design both with and without night

insulation (R-9).

For the air collector/rock storage oystem a single pane flat plate

collector with no selective absorption glazing was used i.n ~gtimating its

solar performance [8]. Insulated duct work with appropriate air handling
equipment is used to transfer the ai, to either the home or rock storage.

T-
Th’:constraint o: a constant thermal storage to glazi,~g area ratio has

been r,~laxed in another phase of our efforts. The impacts of thickness

variatit~ns in a Trombe wall design are examined in a paper describing that

phase [!]. For all solar designs evaluated in this paper, & ratio was

selectc;. that appears to offer reasonable comfort,

-J- F. 1?,



V,?an air temper at,lre w2.S set at 680 F, with a temperature swing of + or
- 2“ F allowed.

Building heat loads for each of these solar designs were very similar due
to almost equivalent home designs. For the passive design, a standard 9
Btu/DD/ft2 heat load factor was employed in the solar performance esti-
mates,* while in the active system a 10 Btu/DD/ft2 was assumed because of
the addition of the south-facing wall,~

A comparison of the area requirements by salar Frdction for each of the two
basic solar system designs under analysis (Trombe wall, with and without
night insulation, plus an active system) is contained in Fig. 3 (A and B).

Fig~re 3A portrays that comparison for Albuquerque, New Mexico, while Fig.
3B displays the sams comparison in Madison, disconsin. Table 111 summar-
izes glazing (collector) area required for representbzive solar fractions

(portion of conventional heat replaced by solar) for the system designs in
six representative sites.

Solar Cost

Every effort was made to construct realistic cost estimates for each solar
design. In all cases we isolate the add-on solar components so that they
may be priced independent of traditional home costs. In the active system,
solar add-on components included collectors, roof supports, insulated
ducts, an air handling system (fans, dampers, and controls), and a rock
storage bin. For the passive designs the solar add-on components included
the wall, glazing, and framing re~uirements, Credit was given for a por-
tion of a I:ormal wall replaced by the south-facing thermal mass storage
unit.

The incremental solar cost of the two passive designs (with and ,without
night insulation) used in aur analysis are portrayed in Table Iv.; These
dollar figures represent solar costs across the nation.? These dollar

*A nominal load without inclusion of the south-facing wall.

‘This implies that the south wall section has a positive U-factor. Theo-
retical research and empirical validation by Bickle, Van de Meer, and
Dexter [10,11] indicates that under certain conditions south walls may in
fact have negative U-values over the heating season when the effects of
solar radiation, building materials. exterior coloration, etc. , are anal-
yzed in a dynamic context, In this study we adhere to standard ASHRAE
static heat load analysis, and thereby obtain a positive U-factor for the

south wall section.

*or the most part, these dollar estimates have been developed by Burr9 &

Peters, an architectural firm located in Albuquerque, New Mexica.

‘Costs :~ere developed for a given locale then adjusted to reflect national
dollar ~verages.

F. R, -4-



figures represent so!.ar costs across the nation. In many solar system
concepts, there.are two cost components: a fixed cost which is pretty much
independent of system sizes; and a variable cost associated with collector
or glazing area requirements. However, no substantial fixed cost component
was identified in these passive desi~ns. This impl ies that all costs

associated with each passive system can be sated strictly in terms of

$/ft2 of glazing area once a storage co glazing area ratio is fixed. The
credit for the wall is included in che cost figures displayed in Table IV.
Since the costs displayed represent a national average, we subsequently
adjust these materials and lab~r costs for each locale to account for
regional variability in construction price indices and practices [12].

The incremental cost of the air collector/rock storage system has been
developed previously [4]. To quickly review, we separate the system into a

fixed collector-independent component and a variable collector-dependent
component. The major portion of the rock storage bin, as well as the
incremental insulated duct work and air handling system are treated as a
fixed cost component -- i.e.,, their size and therefore installed dollar
amount are assumed nOt tG vary with changes in collector size. The
variable cost component included the collectors, support requirements, and
the collector ar”+ dependent porticn of rock storage. These i~crcmental

solar costs were developed after a careful survey of manufacturers, a
preliminary look at the HUD, ERDA, and EPRI Solar Demonstration Programs,
and detailed discussions with solar engineering consultants and installers.

The national averages* employed .in our analysis for the air collector/rock
storage G,fstem were as follows: fixed cost component = $2250, variable
cost component = $13.50/ft2 of installed collactor (glazing area). We have
found it much more difficult to construct regional cost adjustment indices
here to properly account for the transportation and distribution network
that ,may be associated with a national product (collectors, insulated duct
work, and air handliag equipment) then was the case for the passive design
where construction practices and costs are established on a regional
basis. We therefore use the national averages for all Locales in our
economic performance analysis of the active system.

R@pres,?.ntativesolar costs, both the total ($) and average+ ($/106 Btu tieat
provided), for each design are displayed for the six selected sites in

*It should be remembered th~~ we are pricing a single-glazed flat plate
collector with no selective absorptive material. As pointed out in a

previous study our derived total installed costs per given solar fraction
of heat provided is very similar Lo estimates

active systems (different collector design and
Appendix A in [4].

‘Av~rage coats are stated irlannualized terms..

made for other types of
glazing type/number) . See

The computation formula is
given as a footnote to Table V and in a following section on optimal
sizing. A more complete explanation can be found in [13]

-5- F. R.



“-able V. As evident, the total installed solar costs for th~ paszive
design (with and without niqht insulation opt{.on) increase at an il:creasing
rate (all costs are variable). Also noted is the inability for the yL ~abe
storage wall (without night insulation) to supply more than a givel?
fraction (.60) of total an[~ual heat load requirements. The impact Of n;ght

insulation ca? be clearly seen. Even though on a $/ft2 basis night
insulation is measurably more expensive (Table IV) that without, the solar
performance of such a design in terms of glazing area required to meet a

gi’Jen s>lar fraction more than compensates for the add-on cost, thus
reducing total delivered cocts ($/103 Btu; for an equivalent solar
fraction. The impact of night insulation is greater as the climatic
conditions become more evere (contrast between Albuquerque, New Mexico and
Madison, Wisconsin). Finally, iz should be pointed out that t-he total and
ai~erage cost of the active system i~ ‘elation to the passive designs (with
and without night insulation) varies accordinq to solar fraction and

climatic condi~ians. l’or solar fractious of .60 or less, total installed
costs of the Trombe wall concept fitted with night insulation is less than

th(?air coilector/rock storage system.

Qlventlonal Energy Costs

Although we ale examining many alternative energy futures, we utilize the
prc]posed NEA as modified by the recent natural gas compromise in Congress
to construct-projected fuel costs.* A 1977 state-by-state energy data base
for natural gas ($/MCF), heating oii (c/gal), and electricity (c/Kwh)
prices has been constructed previously [2]. We then develop
projections at the wellhead for natural gas and oil, at td”’~~;e~~l~~
electricity, and add in a transportation, distribution, and marketing cost
adjustment component (natural gas and heating ail only) to arrive at
delivered or metered cost.

For natural gas price projections we use wellheacl implications as reflected
by the most recent natural gas compromise of the proposed NEA. This
results in a fourth tier being established, with commensurate’ :? higher
weighted #verage wellhead prices through 1985 and beyond. To arrive at
metered cost, cost adjustment factors by locale reflecting transportation,
storage, distribu~ion, and marketing sxpenses are added to the national
wellhead price in each year.

Heating oil price prcjectio’is are based upon the original National Energy
Plan (NEP) of April 1977r where a third world price tier (adju~ted for in-

flation) for “new domestic production” is established, W’llen”-theproduction

*For 2 more complete explanation of our projection procedures, see [2].

tAlthough there has ‘teen some changes as reflected through legislative

debate for this portion of the initial ?JEP, no significant differences from

the ori;zinal are discernible in the proposed NEA. (The NEA evolved from
the NEP, and many use the shortened names interchangeability to refer to

the present legislative proposal package.)

F. R. -(5-



frcm Cnis zeu tier is ccnbinec Wick cc;aestic prc?uction under the present

t.;c tier svstem and imported ui! at SI?.50 (1976 level) , the “weigntec”

price of oil at the wellhead increzses and is expec~ed [0 as:;mptctically
cpproach the f.;or!d import price. Secause of the entitlement Drorram, the
rcjustment cost at eac!l locale to reflect transportation, scor2ee,

ji~tribu[icn, and marketing i.svery similiar in most states. Tllis re~u~ts

in a proiected delivered cost at every locale beinz aimost equivall~nt.

Electricity price projections sterrrningfrom the April 1’977 >:E? are more
difficult to construct. Analysis performed ky t:le 5xecutive staff znti
L;hite !’~use consultan~s indicated a mixed estimate of future projections:
incre2ses, c!ecrea- -10 cSanEe in real terms de?2ntiing up;n urlich

repiori of the coL was ac’c!ressi~g. k’ehave chascn tti use a simple
escalation factor ~sent possi},le incre2ses in the real price 0:
? i?ctricity: 1 ?~r ~ Year. I;ith 6Y1 inflation, Ehis ir.plies a 7:{
2P3C.7: Y:Ee of increzse.

To con;?ruct equivalent r!eliv~;re?heating costs we transfcrm the ahoc~e iliel

price? into 2 $/106 !?tu ceasure fcr ?acn year. ‘l’hesP figures are
subsecuerl:l~ adjusted for furnace or ‘nesting equipment conversion
~ificier,cv. The efficiencies used in OL: present anclysis re[lect commcnly
used estima’.es: .75 for natural gas, .60 for Ileating oil, acti 1.0 for
electric res~stance.* A heat pump offers an alternative to resistance
heat ir.g. We nccount for c!elivered beating cost of that system by adjusting

for tilecoefficicrt of performa~.ce (CG?) at each locale, The season:l COP
vzries b~tween 1.75 a~ri2.75, d.ep?nding upon climatic cor,c!itiofls.

T~ble UI displays the cost of delivered fuel for six repres?n;ative sites
used in the economic performance analysis. Both current and anrru21ized
prices are contrasted for 197S and 1?90, Note ChPt nominal @ol12rs ar2
used . The c~mputational procedures used in constructin~ both c(lrrer.t anti

annuaiizcc! price projections are given in footnotes tcIthe table.

(?pti~al Sizi[l,eanc Fcasibili[v !,!ithoutIncentives—

(?ITil-):oy.ar\\”t? equivalent set of criteria in our eccncrnic ar2ivsis of si]

so:,~r enerpy system/c!esiFns, Reduced to its simplest form Lfc- Sval(late a
ser;.es of “home hecting svstems that incl~lcie a s~~<r component ,

,.
prl>~.,lc;n~

,ln~,.(~h~refrom zero to 19fl percent of the required :Ielt, to c!etermlr,e tils

,.c,lromicall.~ apLima~ mi:: of sol.~r and coriventional back-up svstems. T>e
;et present- t’alue (F!Pf’)of a solar addition ir.concert with the fuel
from a

cost
conventional furnace over the hcati~g system life is maxipized.

*In er~pirical ztudies, J. :!cGraw of Appliec! Scienc~ ant! Enqir,eering IIas
folln(lthe average gas furnace efficiency in sample homes t\lr2upllout t:le
western states is only cbou~ 3CI-35?. Apparently, new furnace installations

c~fthe c~nve~tionel t:rpeare not muc!l better, !~’hich ililplies the effi~CtiVe

co9t of r,atural Fes is more than :I!ice what \.’euse Eor the rcsearcl]
yep~rted ;leret Tb,iswould significsctly boost the economic desirability:: of

soiar systems a? compared to this I:id.ely-usec!~omc hcnting fuel.

-,- F. R.



Y;is is exactly equivalent to minirlizing the cost of c!elivere<lheat to th?
home over a specifier! life time. ;:he following c’i$ctission develops more
fcrmally the life cvcle cost criteria that serves ?.s che basis for our
economic performance analysis.

We define

r

AJR

i

Vc

A

F

1.OAD

t

T

CR

OP

relevant variables as follows:

the real rate of interest

the annual rate of inflation

the nominal discount rate = r + AIR

variable ccsts associated with e2ch square foot of collector
(collector plus storage)

fixed costs (collector independent)

cost of back-up heat per 105 Btu (adjusted for furnace
efficiency)

collector area in squdre feet*

fraction of space heating requirements to be provided by
solar energy

105 Btu required per year

year

system life (30 years assumed for this paper)

cspital recovery factor

= i

lt

to ()

t

x 1- ~
l+i

t=o

operat~on Znd mair,tenance expenditures expresse(! as ,~

percent of tctal equipment investment

LASL solar performance programs (6,7], we know the relati~n.shipTrom the

between collector area and t;lefrnc;ion o~ Soiar heat provided, A(F), One

would like to size a solar system so that the present discounted value of

total life cycle costs (including initial costs, back-up fuel costs, anti

‘{The storage to glazing area ratio is fixed here for bct!l the active sac!

passive thermal storage system concepts.

F. R. -8-



+~ (+.)’0, ● [W,+m]
t=o

(1)

‘.!ithrespect to c}e fraction (F) of solar ile.nt provi~ied. + This cost.

ninimizatior, implies that

Tfr
i. ● (dA/dF) .~ (+)t, Pt=Lom+Vc.,,A,dF,

t=o

20 lt=o
XOP”

E J

t=o

(2)

w[lich is the derivative of Ea, (1) with respect to F set er!ual to zero.

Factoring and rearranging terms, Ea. (2) can be restated as

.2 (JJ’, t.ma.
t=o

—
‘-AI?quiv~lent expression is the maximization of r.cw present value.

(3)

J.
“,,!eigrore the icstal.lation cost of the back-up ileating s}stcm. because s~cn
a syst~m is required with or without solar !leatinp and so cancels Ou: in
naking cost comparisons,

-9- P. R.



T .

~ (i+)’
t=o

and rating that

Eq. (3), with additional manipulation, reduces to

VC9dA ● [CR+ Op]=CRo
i( )

ltp

LOAD-d F xt”

t=o

(4)

If the fixed charge rate (FCR) is tiefined as FCR = (-~ + OP and the
annuaiizec! price (P) of the conventional energy source is defined as

●

‘=c’i(+-y‘t’
t=o

tfie condition for optimal sizing becomes

[1VC”CM

imiRiF ‘FCR=~. (5)

Equation (5) implies chat the solar system will be optimally sized L.L I t!le
marginal cost of obtaining the incremer.tal unit increase in th ‘n~’o<L
solar fraction (by “increasing the collector area) is just eg’1:1 ‘he

ann~alizecl ?quivalen,t of the conventiona~ energy price. The A’s are Jh’n

for values of F between .05 acd 1.0 in .05 increments from the !.ASL solar
performance simulations. We can calculate t!~echange ix A (AA) fcr t~,~

corresponding change in F where AF = .05. Thus, the optimum value of F 3Pd
ccnsecuencly the optimal collectcr area is determined where:

[1VC*AA-
● FCR = F, (6)

F. R. .lL)-



F-h= [VC*A*+FC] ● FCR+~ s LOAD “ (1-F*)
LOAD

Fh = (\/coA*+Fc) . FCR
. F* + =(1-F*) ,

LOAD”F*
[s)

Fh=F/ F* + ~=(1-F*) , (9)

AS F increases from .C5 to 1.0 for each site, t\ increases :2 Jn ir,crtasir,;
rate, mal:ing Ai\a monGtcnic:,lly ircreesinq functior. Y;”,isIl:eGllst:’fit ~t..:,+’

variable cosc (VC’A) is also increasing monotonically, unerl:as FC i;~’

definition is constant. !,,eobtain traditional CCSt cUrv?s ‘s Lericte( : ~.

Fig. L,t where ~~c
s and .IC5 rep:esent the annualized CO+t ii’ !06 5tU 0! C

-11- F. R.



specific solar system. It iS im~ortant to note, ilOweVer , that the
annualized cost of delivered energy (P~) :s what dete~mines feasibility,
not Ps which is the average annualized cost of so . snergy without
regard Lo back-up fuei costs, Remember that ~h is given by tne weighted
average sum formula (9), or again

~h = ~s . F*+~(l-FA) ,

where F* is the optimally determined solar fraction. Thus, as ;, the
annua!.ized price of back-lp e~ergy, increases from $5.00/10G Btu to
$9.00/10~Btu, the shape of the ph curve changes as shown in Fig. 4,
whereas Ps remains fixed rega~dless of the value of F. When T just
equals the minimum value on P , the minimum of ~h exactly coincides.
In the figure this occurs when ~= $7,50/10’ Btu. For any value of ~ below
$7.50, the average annualized cost of delivered heat with solar will be
greater than the annualized price of back-up energy (~h ~ ~, so it would
be uneconomical tc invest in a solar energy system. However, as ~ rises
above $7.50, not only is feasibility obtained (~h < ~ but the optimal
system size incre~.ses. Thu~, the system ~hould,_be sized to provide
approximately 43% solar when P = $7.50 and 52% when P = $9.00. In pacsive
systems, we have found no fixed cost components, so total initial costs are
equivalent to total variable costs [TC = v~,< ~(~)]m The optirnality
ccindition is still given by equations (5) ar,d (6), but the delivered cost
of heat is now defined as

Fh ❑

(VC*A*j “ FCR

LOAD “F*
. F* + ~(~,.F*) (lo)

or as

~h ‘ ~~ F?k+~. (1-F*) . (9)

Again, ~s is the average cost curve for solar but it is no longer
U-shaped. Representative average cost, marginal cost, and delivered cost
of heat curves for the passive solar designs art shown i~ Fig. 5. The
minimum of any delivered heat coqt curve corresponds LO the intersection of
the marginal. cost curve and the appropriate value of P,_ In eddition, the
delivered cost will equal the river~ge cost curve where P and AC intersect,
The forme condition obtains with or without fixed costs, whereas the
letter condition only occurs when FC = O or, in the event cf FC > 0, only
when P > min [AC],

F. R. -12-



The above process would ensure an optimally sized system if no ince[.;ives

existed. However, once the incentives (proposed NEA income tax credits

assumed in following discussion) are taken into account, the economics of

the solar system changes because they effectively involve a reduction in

both the average and marginal costs of the system. This icplies that for
an unchanged value of ~, it would be worthwhile tc increase the

area and
collector

solar fraction beyond the Gptimal size determined without

incentives. A simple example should illustrate this point. Suppose tfiat a

refundable income tax credit can be applied c~ 20% of the total initial
solar system cost without ?T upper limit. The problem then becomes,

minimize total life cycle costs [after equation (l)]

[VCOA(F) + Fc] [l-
()

.20] + ~ ~ P ● LO.ALJ(l-F)
+r t

t=o

.~(++p
t=o

x [VCO.A(F)OFC] ● [1-.20]

with respect to the solar fraction (F). This yislds

condition given by,

(1!4;

an optimality

.8 [1VC-dA-
● FCR = F.

*The diSCU9Si0n presented here assumes an income tad< credi? incentive

9ption. We will exclude discussion on a low interest loan form of
incentive, but only note that the same general conclusions apply: i.e. the

MC curve will shift downwards by a constant percentage amount for all solar

fractions,

‘This simplifies the actual structure of the incentives which in :he

latesk version of the proposed NEA, for example, are 30% cn the first $1.500
and LO% on the next $8500 f>r a maximum credit of $2150 on i $10,000
system; any system cost above $10,OOO does not benefit from additional
incentives, The example above is structured for illustrative purpose.i,
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Upon inspection of equations (la) and (1), one can see that the marginal
(costof the solar system with the incentive is 80% of the marginal cost
without such an incentive. The only way to satisfy the condition given by

(la) is to increase dA/dF above its optimal value as given by (5); and such
an increase can only be obtained by sizing the system to meet a higher
solar fraction. ● This is shown in Fig. 6t where the marginal cost curves
are depicted with and without the incentive.

Figure 6 shows that the marginal cost with incentives (MCW) is less than
the marginal cost without incentives (MCw/o) for any given solar f~action
F, Since the annualized price of back-up energy (~ is not affected by the
incentives, ~ is depicted as a hor~.zontal line. Sizing the system at the
old fraction Fw/o under the incentive plan would imply that MCW (as
given by point X) is less than ~which is less than optimal, One would
therefore size the system to provide a solar fraction F’w at which point
Xcw “ ~, and life cycle costs are at a minimum. The average cost of
providing this newly optimized solar fract on is also lower than would be
the case without incentives, This implies. that economic feasibility is
obtained at a lower value of ~, which with rising energy prices corresponds
to an earlier point in time.

RESULTS

In this section, we present only selected reslJlts from our economic perfor-
mance analysis. Excluded for all solar designs are comparisons with heat-
ing oil and electric heat pumps.

As stated in the Introduction, we are interested in the individual ,>~onomic

performance of each solar design in addition to its comparative economic
performance among systems. As part of this analysis the effects of two

*dA/dF can be defined as the inverse of the marginal product of collector
area (HP ), i.el, dA/dF = 1/MPA where tlPn indicates the increase in
solar fraction (dF) due to an incremental increase in collector area (dA).
Since d(MpA)/df < 0, the marginal product of collector area becomes smal-

ler as the sol~r fraction is increased. This implies dA/dF will only in-
crease if F increage.

‘This figure is applicable to both active and passive system designs.
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alternative incentive options are evaluated: the NEA income tax crt~dits,~
Iv to passive as well as active s~stemslher? assumed app~ied equal.. and low

interest loans. The impact of night insulation in the econcmi c

performance of the Trombe wall concept is carefully noted. The Trombe wall

concept is contrasted with the one active system design under review he:e,

che air collector/rock storage design.

In addition to including maps portraying several aspects of the economic

feasibility results (Flaps 1-12), we include a table (Table VII)

?ighiighting selected financial indicators for the comparative evaluation

of solar systems: these include ❑ortgage payback period, years to positive
savings, and net present value.

Basic solar energy cost and conventional energy pricing assump~.ions
employed in the economic performance analysis have been dis;ussed

previously. Computational formulaes and selected value> for various
locales can be found in Tables V and VI and in the discussion on optir,al

sizing,

The nine cases reported below can be surmnarized as follows:

Case 1 - Air Collector/Rock Storage; No Incentives
Case 2 - Air Collector/Rock Storage; NEA Inccme Tax Credits
Case 3 - Air Collector/Rock Storage; Low Interest Loans
Case 4 - Air Collector/Rock Storage; NEA Income Tax and Credits

Imw Interest Loans
Case 5 - Trombe Wall without Night Insulation; NO Incentives
Case 6 - Trombe Wall with Night Insulation; No Incei~tives
Case 7 - Trombe Wall with Night Insulation; NEA Income Tax Credits
Case 8 - Trombe !Jallwith Night Inslllation; Low Interest Loans
Case 9 - Trombe Wall with Night Insulation; NEA Income Tax Credits and

Low Interest Loans

In all nine cases comparisons to bnth natural gas and electric resistance
alternative fuel types are made.

*The latest version from che proposed NEA of the solar income tax credits
is the specific form under re’)iew: 30 percent uf the first $1500, 20

percent on the next $8500, with a maximum of $2150 for systems S10,000 and
over. The tax credits are assumed to begin in 1978 and continue ~t t!le

qame levels through 1984, at which puint they are terminated for 19S5 and

following years.

‘The ‘necific value employed in our low interest loan incentive is 3

peLce...age points: that is the government would subsidize tile difference

between the goinp mortgage rate and the rate paid by consumers under this

program at a rate 3 percentage points below tile mortgage rate. In the

specific analysis reported here a mortgage rate of 9.5 percent is employed
with consumer loans available for the ~olar comp,)nents at 6.5 percent.
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F.r the air collector/rock storage active syst~m (Case 2)* in only one
~faine---doesit prove economic to install solar whenstate--L natural gas is

the alternative fuel. The price of natural gas remains below the cost of
solar through 1990, despite its (natural gas) rather rapid rate of incrsase
under the recent compromise, Without the proposed NEA tax credits (Case 1)
there would be no states included in the feasible set,

For the low interest loan option alone (Case 3) against the natural gas
fuel alternative, in only three states does it pr~ve economic to install
solar: Maine, New Hampshire, and Vermont. When this option is combined
with the proposed NEA income tax credits (Case 4), a number of additional
states join the feasible s~t, These states are located in New England and

the northern Rocky Mountain, Great Plains, and Midwest regions of the US
(Map 1).

If the Trombe wall without night insulation design (Case 5) is contrasted
with natural gas, o~ly in ttiostate= does it appear economic to iri9tall
such a design in a new home: Maine in 1978 and Idaho in 1983. Nap 2 por-

trays this relatively sparse feasibility pattern. Note there are no incen-

tives included in the economic performance evaluation of this case.

By the addition of night insulation to the Trombe wall concept (Case 6),
some additional states join the feasibility set when natural gas is the
alternative fuel, This pattern is displayed in Map 3. Except for North
Carolina, the additional states are located in New England, Here again,
the incentives are not yet part of the economic “performance analysis.

Inclusion of the proposed NEA income tax c~editsf in the solar cost compo-
nent gives rise to a much greater number of states portraying economic fea-
sibility against natural gas. As seen in Map 4, the general locatioc of
those gtates achieving solar compeuiveness :.s the New England, Midwest,
Plains, and Western regions of the US. A few of the feasible states are
also located in the Southeast region. By contrasting Map 4 with Map 3, i~

can be seen that the year of feasibility is moved forward for those states
appearing in both. Generally speaking the first year of feasibility is
197S, except for those states in the Plains and Southwest regions where
feasibility is delayeci to the period between 1981 and 1984, In the states
where solar was not shown to be competitive, Ffiecost of this passive

*For past discussions on the economic performance of active systems see
[1, 2, 5, and 9-11].

+We assume here that the add-on solar costs associated with passive
designJ are treated the .swueas those proposed for active systems. That

is, full credit is given our computations of the additional cost incurred

for the passive designs. An alternative is to allow only a partial credit
in Lhe sense that not all of the add-on solar cost can be used in tax

credit computations. The impact of such a ttix credit system has been
evaluated, but the results are not included in this paper.
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design (Trombe Wall with night insulation) even with the proposed NEA tax
credits remains higher than projected natural gas prices.

If low interest loans aye substituted for the NEA tax credits, a larger
number of states enter the feasibility set (Map 5) against the natural gas
alternative. In addition, in a riumber of states feasibility is aci~ieved at
an earlier date than when the NEA income tax credit form of i~centive was
used. The additional states (over and above those displayed in Map 4) are
generally located in the Ohio River valley and Northeast r?gions. This
indicates that the particular form of 1Ow interest loans evaluated here
performs better than the proposed NEA income tax credit option.

When both incentive options are combined, as has been indic,-.ted in recent
Ccng~essional debate, only in Florida and Louisiana is the Trombe Wall with
night insulation design not economically competitive. iloreover, the year
of feasibility is 1978 for all states (Map 6), except Florida and
Louisiana. Thus , use of both ince~’tives appears to be potentially
beneficial to most of the US,

The above reviewed results clearly SIIOWS that the proposed NEA income tax

credits have a greater impact for passive designs than for active systems,
That is, for the air collector/rock storage system inclusion of tax credits
gave rise to o,lly one state portraying solar Competitiveness against

natllral gas. Comparison of Maps 3 and 4 show that a significant number of
additional states achieve solar economic parity against the natural gas
alternative when given s tax credit. Simi ldr patterns emerge when low
interest loans are substituted for the tax credits, or are used in
combination with them: solar feasibility is promoted noticeably less for
the active design than for passive when natural gas is the alternative fuel
(M8ps 4, 5, and 6). However, potential energy ;avings is diLlnished
somewhat due FO the relative low (below 40 percent ever, with inclusion of
both incentive options) solar fractions when compared to what solar
fractions (35 to 60 percent) are present when active systems are examined,*

A somewhat different picture emerges when electric r~sistance is used as
the alternative fuel type against which t!’lesolar de:~igns must compets,
For the air collector/rock storage active system, solar competitiveness is
achieved in most US state~ (Map 7) when the proposed NEA income tax credits
(Case 2) are applied against the qolar costs, The Nortl~west and the Iawer
Mississippi and Ohio River valleys are excluded. (It is generally the cas,~
that in those states either electricity prices are relatively low and/or

—-
*Whcn ictive systems have been forced into an economically competitive
position against natural ga9, the optimal solar fraction has usually ranged

from 35-60 percent. This, of course, is due to the role of the fixed cost

compc lent in active systems, Thus , ener,qy savings would be greater for the
US if active systems were deployed over pure passive desi~ns, However, the
economics, as is being shown here, lean heavily to passive designs in most
regions of the US.
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I.OWtotai heat loads ?re present. ) Moreover, the year of feasibility is

1978 except for South Car~lina (L9F2) and Texas, Utah, and Vermont (.1983).

As evidenced in Map 7, the solar ! actio~ is at least 45 percent (except
Idaho at 40 percent) For all states displaying solar fcasihility, The
higher fractions are generally in the Southwest where isolation is high, OK’

along the Eastern Se.~board states where electricity prices are relatively
high. Although not shown here, when NEA income tax credits are not
included (Case 1) in the ecor.omit performance analysis, feasibility will
occur at a later date *’itb smaller frac?ions. In addition a few states,

located principally in the South and Southwest where heat loads are lower,
drop from the feasible set.

The Trombe wall without night insulation design (Case 5) is able to compete
against the electric resistance alternative in all states except Washington
without the inclusion of incentives. As portrayed in Map 8 the solar
fract~,ons range from 15 to 40 percent in all states except Arizona,
California, and South Carolina-- the solar fractions in these states being 5
to 10 pc+rcentage points higher. States in the Midwest and Plains region
generally have lower solar fractions then the remainder of the country. In
all st?tes, excepting Washington, the ‘year of demonstrated solar
competitiveness is 1.978. The results reported here do show that it is cost
effective now (given our solar costs and alternative fuel prices projec-
tions) to employ some passive designs in new home construction throughout
the country.

When night insulation is added to the Trombe wall design (Case 6), there i’
an incremental increase in optimal solar fraction for all but two states--
these being Louisiana and Ocegon (with the state of Washington still
excluded from economic feasibility). Map 9 contains a summary of tlie
incremental change for all states. AS can be seen, in the lnajori~y of

states the incremental change is 15 percentage points or greater. It is
primarily in the Ohio River valley states (plus Arizona and California)
that the incremental change is less at 5 to 10 percentage points. The
highest change occurs in the Rocky 140untain, Northern Great Plains, and New
England r.egicns. Thus as discussed earlier, the more st:vere the climate,
the more important becomes the use of night insulation in the achievement
of maximum economic performance. The results are essentially indicating
that for a similar dollar outlay, the consumer can purchase a more effi-
cient solar system by adding night insulation to a Trombe wall concept.

[Because we halve constrained the maximum allowable glazing area to account
for permissible tract home characteristics (8’ x 56f south-facing wall
maximum) , the inclusion of incentives in the economic performance analysis

will not increase cptimal solar fraction in those states where the con-
straint is binding. Therefore, in the remaininu discussion of result9 for

individual cases (Cases 7, 8, and 9) it will be seen that no visible change

occurs in some northern states. However, in all cases the dollar cost paid
by consumers in obtaining this maximum solar fraction will be appreciably
lowered, ]
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With the inclusion of proposed NEA income tax credits in the economic

performance analysis, further additions are made to the optimal solar
fraction in a number of states (see above for discussion of why all states
do not show increases). These incremental increases are portrayed in Map
10. As evident, tax incentives are important for they increase

substantially the potential energy savings in new home construction (higher
solar fractions) and lower the total system costs paid by the consumer,

If low interest loans were to be used instead of income tax credits, a

greater number ~=fstates would achieve higher solar fractions (Hap 11). In
addition to more states, it is alrfiostalways true that the fractions ~re
greater than under tax credits-- as is evidenced by contrasting ?lap 11 with

Map 10. As was pointed out when natural gas was the alternative fuel tyFe ,
the specific low interest incentive employed in our analysis (3 percentage
points less than the assumed 9.5 percent mortgage rate) performs better
than the proposed NEA income tax credits.

As shown in Map 12, a combination of both incentives when comparsd to the

electric resistance alternative pertorms better than either alone. me

combination of incentives has the effect of pushing m(7re states to t’leir
physical maximum. This will of course result in ever. greater energy
savings than under either incentive option individually.

Against the electric resistance alternative, the difference between active
and passive designs is less noticeable than in the comparisons witl~ natural
gas. It is still the case that incentives do have a significant impact on
both system types, but here the difference between Case 2 and Case 7 is not
nearly as dramatic as was true when contrasting the natural gas alterna~ive

(Map 4). It is true, however, that the passive design (Trombe wall with
night insulation) is economically competitive in a1.1 states, wher~as for
the air collector/rock storage system seven states were excluded from the
feasible oerm As stated under thp natural gas alternative coinparis]n, the
active system does provide a higher solar fraction than the Trombe wall
concept,

Table VII contains some s~lected financial indicators for six of the nifle
cuses at six representative locations. .4s stated earlier, we are
highlighter.g results from the passive design,

SUMMARY

‘rhe following points serve to surml.arize the basic findings from our

analy9i~. As cautioned in previous work [2], economic feasibilit~ is a

necessary, but not ~ufficient, condition for large-scale market

penetration. It establishes basic criteria, when combined with other

information, which allow estimates of penetration to be made. The major
conclusions ari.
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● With natural gas as the alternative fuel, the passive concept

evalulted here offers more promise than the active system. This is
true with or without inclusio~ of incentives, although either
incentive option enhances economic performance for both designs.

. The addition of night insulation to thermal mass storage walls makes
a significant difference: not only in the solar performance, but

more importantly in the economic performance of this passive

ccmcept. In addition, tfieeffectiv{:ness of night insulation becomes
greater as the severity bf the climate increases.

. The potential use of passive solar (thermai mass storage wall) in
r~sidential space heating applications is measurably e..~anced by

incentives against all fuel types. This enhancement is especially
evident in the natural gas and heating oil comparisons.

● The passive design evaluated in this paper is economically
competitive against the ●lectric resistance alternative in all but a
few statea. Moreover, on a life cycle cost basis this d~sign ;s
f~a~ible today.

● Employment of the low interest loan incentive option gives rise to
higher solar fractions than under the proposed NEA income tax credit
option. The particular low interest loan incentive evaluated here
reduces solar costs for the homeowner more than the tax credit does.

. .

● Although the optim”:’ solar fractions are generally low, the passive
design offers one the opportunity to incorporate solar into a new
home at costs much less than its active counterpart, This is because

there are nc discernible fixed costs, t!~ereby allowing a simple
mol’e?fi~ntfrom zero to 100 percent solar when evaluating economic

feasib~lity.

● When both active and passive designs are shown to be cost competitive
against alternative fuels, higher solar fractions will be associated
with the active systems. This is due principally to t}le substantial
fixed cost component of active systems, which forces one to achieve ~

given solar fraction before economic feasibility can be shown.
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TABLE I

CONVENTIONAL TRACT HOME DESCRIPTION

1) Typical Living Space Design -- 2 Zone

● Public area -- living room, dining room, kitchen, den-study

● Private area -- bedrooms, bathrooms

2) Liv;mg Space* -- 1496 ft2

3) South Linear Exposure -- SO ft

4) Two Car Garage

5) ?linimum Lot Size (Frontage) -- 60 to 70 ft

6) Construction

● Walls -- ~ x 4 wood frame

● Floor -- slab on grade

● Roof -- flat or pitched

● U Factor+ -- 562.5 Btu/Hr-°F or 9 Btu/DD/ft~

*This is for a standard dimension (approximately 30’ x 50’) which could be
altered to 27’ x 56’ to accommodate additional southern exposure. With an

8’ maximum glazing height on a single story residence, maximum southern
exposure is limited to 448 ftz (56’ x 8’). The addition of direct gain

clerestory windows could increase the transmitted solar energy, but this

option is not considered in this particular configuration.

‘This is exclusive of south wall.

---
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1)

2)

3)

4)

5)

6)

7)

TABLE :1

SOLAR DESIGN ADDITIONS: .?lASONR”iTHE2MAL STORAGE WALL

Load Bearing Foundation

. Poured for entire south wall length

● Supports concrete or water storage wall

Thermal Storage Mass

● 18” ccncrete masonry construction

● On-site poured concrete or tilt-up slab are other options

Thermocirculation Vents with Barometric Damper - Manual Override

● .07~+ft Ift of k-all length for each vent

● Solid wall -- no vents

● Trombe wall -- no reverse thermocirc~lation

Glazing .

● Double-glazed tempered patio glass

● No special characteristics

Night Insulation

● Solar/load calculations with and without night insulation

. Without - R = 1.75 (double glazing)

. With - R = 9.0 (4 layer Kalwall design)

. Installed between wall exterior and glazings

. Night insulation down between 5 pm and 7 am

Framir,

● Aluminum framing for glazing units

Header Trim or Overhand

● Installed to prevent Spring, Summer, and Fall overheating

F. R. -24-



TABLE 111

REQUIRED GMZING AREAS (FT2) FOR REpRESENTATIV-F SOUR FRACTIONS
(SIX SELECTED SITES)

Solar System Design Solar Fraction

-15* .30 .45 .60 .75

Trornbe Wall - No Night Insulation

Albuquerque NM 74 163 293 482 84$
?ladison WI 178 466 1038
Boston MA 144 346 711 1500 -
Seattle WA 100 250 519 1125 -

Charleston Sc 49 109 193 314 519
Omaha NB 144 346 673 1350 -

Trombe Wall - Night Insulation

. Albuquerque NM 71 110 180 276 4~~

Xadison WI 105 2~+1 422 575 1125

Boston MA 89 201 .338 540 900
Seattle WA 64 ;52 276 466 794
Charleston Sc 35 77 126 190 293
Ohama NB 90 199 338 519 814b

Air Collector/Rock Storage

Albuquerque NM 7~ 117 202 315 483
‘1.adison WI 147 251 450 7~j ll~g

Bostnn MA 132 221 389 615 948

Seattle iJA 101 177 329 583 9d&

Charleston Sc 54 90 157 b9/,3 162
Omaha NB 128 213 374 .9J q~~

*For Air Collector/Rock Stor-.ge Active sygtem tb.e first representative

fraction is .20 instead of .1>
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Comvonent

TABLE IV

DETAILED COST. BREAKDOWN: THERMAL STORAGE WALLS*

Masonry Concrete lJ3°

Paint - ? sides

Glazing - Glass
Double 2 3/16”

Footing
16” Foundation

Header Trim or Overhang

Framing
{+’x8’ = 24 ftL

Conventional Wall Credit

Total System

Night Insulation
Kalwall Insul Curtain
4 layer R = 10.1

Material

2.7z

.11

2.72

.82

.68

.41

3.53

cost ($)
Labor

3.81

.33

.82

,34

.68

2.45

,82

Total

6.53

.44

3.54

1.16

1,35

2.86

(2.27)

13.60

4.35

*Dollar costs are for nutional averages
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